Using translational fusions t o lacZ, we have measured expression from the promoters o f Rhizobium meliloti regulatory genes, nifA and fixK, and structural genes, nifH and fixA, in other fast-growing rhizobia whose nitrogen Sevilla, do Profesor Garcla Gonzalez dn, 41 01 2 Sevilla, Spain fixation regulation i s less known. Neither nifA nor fixK promoters were activated under both free-living microaerobic and symbiotic conditions, except in R. tropici, where clear symbiotic activation of either nifA or fixK expression could be observed. Both nifH and fixA promoters showed strong heterologous activation during symbiosis and weak activation under free-living nitrogen starvation conditions. Only when the nifH promoter was in R. tropici and R. leguminosarum bv. phaseoli, was clear induction observed in the microaerobic free-living state. Deletion analysis of these promoters suggested that a NifA binding site (UAS) was needed for full heterologous activation o f nifHp, either in microaerobiosis or symbiosis. In contrast, the UAS region seemed t o be unnecessary for fixA activation. However, a region containing a potential integration host factor (IHF) binding site was observed t o be needed for complete heterologous symbiotic induction f r o m fixAp. The moderate induction observed in nitrogen-free medium only required the 6% holoenzyme recognition sequence; t h i s may be indicative o f the existence o f non-specific activation by NtrC-like proteins. Our results suggest possible common and different features in the control mechanisms of the nitrogen fixation gene expression among Rhizobium species .
INTRODUCTION
Rhiz$vimz bacteria infect legume plant roots and cause cortical cell division leading to the formation of nitrogenfixing nodules. The root nodule provides the appropriate biochemical environment for the conversion of atmospheric dinitrogen to ammonia.
The ability of rhizobia to induce Fix' nitrogen nodules requires the specific expression of certain bacterial genes.
The regulation of the expression of R. meliloti genes needed for symbiotic nitrogen fixation has been the subject of intense study. As a consequence, it is known that a two-component regulatory system, fixLJ (David et al., 1988) , in response to low oxygen tension activates as yet undetermined functions essential for nitrogen fixation . The expression of each operon requires both the rpoN ( n t r A ) product, which is the 054 factor (Ronson et al., 1987) , and the positive regulatory protein, NifA (Szeto et al. , 1984) . The activity of NifA is regulated post-translationally by oxygen sensitivity of the protein (Fisher e t al., 1988) . The R. meliloti promoters activated by NifA, n z f l p and fix/+, have the conserved -24 (GG)/-12 (GC) consensus sequence of RpoN (Better et al., 1983 ; Kustu e t al., 19r39 ;  Thony & Hennecke, 1989), the putative NifA-binding site (upstream activator sequence, UAS; Buck e t al., 1988) and a potential site where an integration host factor may bind (IHF; Santero etal., 1989; Hoover etal., 1990 ) which stimulates NifA-mediated activation of niftranscription in Klebsiella pneumoniae. Both promoters share extensive sequence homology for more than 160 bp upstream of the RNA start point. However, fixAp contains a 9 bp insertion at position -27 and significant variation is apparent in the region between the transcriptional and translational start sites (Better e t al., 1983) . These divergences seem to lead to differences in expression in Escbericbia coli by either the Klebsiella pneumoniae NifA or the E. coli NtrC (nzfHp is activated but not fixAp, Better et al., 1985) , and in R. meliloti under specific physiological conditions (Birkenhead e t al., 1990; Ditta et al., 1987) . Details of this .$/fix regulation in other species of Rbixobizlm are poorly understood. To test for evidence of common regulatory elements that control activation of R. meliloti nifAP, fixKp, nzfHp and fixAp in other fastgrowing Rbi.yobizlm species, we have studied heterologous expression from those promoters under physiological conditions that allow their activation in R. meliloti.
METHODS
Bacterial strains and plasrnids. Bacterial strains and plasmids used in this study are described in Table 1 .
Media. E. Cali was grown in LB (1-I: 10 g tryptone, 5 g yeast extract and 10 g NaC1) and all rhizobia in TY (1-1 : 5 g tryptone, 3 g yeast extract, 0.84 g CaC1,). Nitrogen-free medium contained 7.4 mM KH,PO,, 5-8 mM K,HPO,, 2-5 mM MgSO,, 0.6 mM CaC1, and 10 mM sodium succinate. Tetracycline was used at 10 mg l-', kanamycin at 20 mg 1-1 and nalidixic acid at 10 mg 1-I. Nutritive nitrogen-free solution for irrigating plant tests had the following components (mg 1-l): CaSO, , 200; KH, PO, , 200; KC1, 500; MgSO, , 200; H, BO, , 0 (Ditta e t al., 1985) . Transconjugants were selected in TY solid media supplemented with tetracycline and nalidixic acid. Microaerobic conditions were achieved as described by Ditta e t al. (1987) , exposing 2 ml cultures to 1 % oxygen/99 % nitrogen in 50 ml stoppered flasks. For nitrogen-limiting conditions, exponential-phase cultures in TY medium were washed twice and resuspended in nitrogen-free medium containing succinate as the carbon source. P-Galactosidase activity was determined as previously described by Miller (1972) . Specific activities are means of at least two measurements made on independent cultures. Symbiotic assays. Alfalfa and clover seeds were surfacesterilized by immersion in 96 YO ethanol for 1 min, washed with water and then incubated in 1 YO HgC1, solution in 10% (v/v) ethanol/water for 3 min. After washing 8-10 times in sterile water, seeds were placed on 0.8 % agar plates and incubated at 29 OC. About 6-10 germinated seeds were selected and placed in jars containing vermiculite and irrigated with nitrogen-free medium. Bean, soybean and pea seeds were sterilized by washing with water, immersion in 96% ethanol for 3-5 min, washing once with water, immersion in 12% sodium hypochloride for 5-15 min and washing at least 10 times with sterile water. Subsequent steps were identical to those described above for alfalfa and clover, but only one or two seeds were placed in each jar. Inoculations were performed as follows: alfalfa with R. meliloti, clover with Rhixobizlm legzlminosarzlm bv. trijolii, pea with R. legzlminosarzlm bv. viciae, bean with R. tropici and R. legzlminosarzlm bv. phaseoli, and Phaseolzls azlrezls with Rhirobizlm sp. NGR234.
Bacteroids were isolated from 1-5 g of nodules picked from duplicate groups of plants grown for 4-5 weeks. Nodules were crushed, their bacteroids purified by differential centrifugation and P-galactosidase activity of bacteroids was determined as previously described by Better etal. (1985) . Data are the average of at least two independent assays. T o estimate plasmid stability Heterologous expression of R. meliloti promoters Better et al. (1985) * Number of base pairs upstream of the transcription initiation point.
in nodules, the percentage of Tc' cells isolated from nodules was measured in eight independent experiments testing 100 colonies each time. Permanence of the plasmids ranged from 60 to 98 YO.
RESULTS

Expression of nifA and fixK in heterologous Rhizobiurn backgrounds
Similar features seem to regulate expression from either the R. meliloti n i f A (Virts e t al., 1988 ) a n d j x K promoters (Batut et al., 1989 ; Waelkens e t al., 1772) not only in both free-living cells exposed to low oxygen but also in bacteroids existing in the environment of alfalfa roots. We used in vitro microaerobiosis as a primary model system to test if there are regulatory elements in other Rhipbizlm backgrozmds that activate both promoters. P-Galactosidase activities from R. meliloti 102F34 bearing nifAp: : lac2 or fix@ : : lac2 increased considerably under microaerobic conditions (Table 2) . Similar results were obtained using other strains of R. meliloti in the assay (data not shown).
However, under the same experimental conditions, none of the other species could induce expression substantially.
We tested different oxygen concentrations (0, 0.5, 1, 2, 4
and 20%) to attempt to activate R. melilotz nifAp in R.
tropici and R. legzlminosarzlm bv. pbaseoli, but no induction of P-galactosidase activity was observed (data not shown). It was noticeable that the background levels of homologous expression from both n$Ap and fixKp were considerably higher than those of the heterologous backgrounds. Ditta et al. (1987) reported that aerobic induction of n i f A expression could also occur during nitrogen starvation in R. meliloti. Under these conditions, a significant increase in expression from nifAp was observed in every Rhzxobizrm studied ( 
Heterologous expression from both R. meliloti nifHp and fixAp in other Rhizobium species
Both nzflp andfixAp promoters are moderately activated by NtrC in free-living R. meliloti, but an ntrC mutant was not affected in its ability to fix nitrogen in symbiosis (Szeto etal., 1987) . Three-to 1 l-fold increases in expression from nzfE@ and fixAp were observed when the heterologous rhizobia were under conditions of nitrogen starvation ( When glucose was used as the carbon source instead of succinate in the nitrogen-free medium, similar levels of induction were found in the heterologous Rhixobizrm tested (data not shown).
The behaviour observed for both promoters in every rhizobia was much more varied in microaerobic conditions. In the case of nzjiYp, R. tropici CIAT899 and R. legzrminosarzrm bv. phaseoli 8002 exposed to low oxygen showed activation equivalent to that seen in R. meliloti. The initial oxygen concentration for maximal n z f l p : : lac2 microaerobic induction was about 0.75% 0, for R. meliloti, 0-5 % for R. tropici and 1.25-2 % for R. legzrminosarzrm bv. phaseoli (data not shown). For fixAp, some increase of microaerobic B-galactosidase expression could be detected in both R. tropici (6-fold) and R. legtlminosarzrm bv. phaseoli 8002 (%fold). However, neither nzflp nor fixAp were activated by microaerobic conditions in the other heterologous Rhiro bigm backgrounds.
As previously reported (Better e t al., 1985; Ditta e t al., 1987) , there was strong induction of expression from both R. meliloti nzflp and fixAp during symbiosis. Although both microaerobic and symbiotic activation of those promoters was NifA-dependent (Ditta e t al., 1987) , and R. meliloti expression from nifAp seemed to occur at similar levels in both conditions (Table 2) , P-galactosidase levels from alfalfa bacteroids were at least 4-fold and 40-fold greater than those obtained in microaerobiosis from n z f l p and fixAp, respectively ( . Absolute values corresponding to 100% P-galactosidase activity for every case are shown in Table 3 . A small scheme of the promoter is presented in the upper left of the figure to facilitate identification of the deletion end points. I, RpoN consensus; II, IHF binding consensus; 111, UAS.
R. meliloti nifHp
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nzJiYp activity during microaerobiosis was lost when only the UAS was deleted (pMB1246) in both homologous and heterologous backgrounds (R. tropici and R. legzlminosarzlm bv. phaseoli) (Fig. 2a-c) . Thus, the UAS was required for full nzfiYp microaerobic activation. Activation was not affected by the nzflp deletion extending to -95 (pMB1246), nor by a deletion extending to -35 (pMB1156), indicating that when the UAS was deleted, the potential integration host factor (IHF) binding site did not seem to affect positively microaerobic expression. A moderate (40-50 YO) reduction of expression under low oxygen conditions was observed for the three genetic backgrounds containing pMBll24 (deletion to -135).
Furthermore, something of a decrease of expression was observed for every heterologous strain bearing pMBll24 during symbiotic conditions (Fig. 2b-f ). Since this plasmid contains an intact UAS (Fig. l) , removal of sequences upstream of this motif negatively affected expression from nzfiYp.
As previous work in R. melz'loti suggested (Better e t al., 1985; Ditta et al., 1988) , only the -24/-12 region of both promoters was indispensable for complete induction of P-galactosidase expression during symbiosis. When we observed heterologous symbiotic expression from n z f l p deletions (Fig. 2) , the patterns were usually comparable to that of microaerobic R. meliloti. Thus, as seen with R.
melilotz under low oxygen, a 10-50 YO loss of n z w p activity was observed in the heterologous Rhixobizm bearing pMBll24 under symbiotic conditions (Fig. 2b-9 . When the U AS was deleted (pMB1246), /?-galactosidase activity decreased about 50-80 YO in the heterologous bacteroids.
In R. legtrminosartrm bv. phaseoli, UAS deletion was most drastic (loss of 95 YO activity, Fig. 2c ). On the other hand, as seen in microaerobic R. meliloti, the heterologous rhizobia containing pMB1246 (deletion to -95) never showed higher values than when they contained pMBl156 (deletion to -35), during either microaerobic or symbiotic conditions. Therefore, when the UAS was deleted the supposed IHF-binding sequence did not seem to affect promoter activity either in microaerobic or symbiotic conditions.
In contrast, a moderate (approx. 50Y0) loss of /?-galactosidase expression in R. meliloti during symbiosis was observed w h e n j x A p was deleted upstream of the 05' recognition sequence (Fig. 3a) . The same extent of deletion resulted in an even more drastic loss of heterologous symbiotic expression, showing the importance of upstream elements for activation (Fig. 3bf) . Deletion of t h e j x A p region up to -88 (pMB2272) had little effect on /?-galactosidase expression during symbiosis. Since the R. melilotijxAp UAS lies upstream of this deletion endpoint, the UAS sequences may be unnecessary for symbiotic (Fig. 3c) . In contrast, deletion of the jxAp region from -88 (pMB2272) to -72 (pMB2284) resulted in the loss of a great portion of the observable symbiotic stimulation in the heterologous rhizobia, but almost no loss (only 6 70) in R. meliloti. That loss was considerable (60-9570) for most of the genetic backgrounds, but only 25% for R. leguminosarum bv. triflii. A DNA sequence similar to the IHF-binding site consensus sequence was identified between -77 and -63 ofjixAp (Fig. 1) ; it was 1 bp closer to the IHF-binding site consensus sequence (A/T)ATCAA-N,-TT(A/G) (Hoover e t al., 1990) than the similar sequence seen in nzflp. When this region was completely deleted (-33, pMB2363), an additional decrease in heterologous expression was observed. Nevertheless, in most of the cases there was still a residual regulation activity of the promoter some fold higher than the basal level.
DISCUSSION
Neither R. meliloti nifAp nor FxKp is activated either in free-living microaerobic or in symbiotic heterologous rhizobia (except in symbiotic R. tropici). This fact makes it difficult to extrapolate the regulatory cascade of R. meliloti symbiotic nitrogen fixation (David e t al., 1988; Batut etal., 1989) to other Rhixobium species. This cascade starts with the oxygen sensor and kinase FixL which catalyses its own phosphorylation under low oxygen tension (Gilles-Gonzalez e t al., 1991). Then, the transcriptional activator Fix J is also phosphorylated catalysing nifAp and j x K p activity (Batut et al. , 1989 ; GillesGonzalez e t al., 1991 ; Kahn & Ditta, 1991) . Some genes have been described whose expression is oxygenregulated via a mechanism involving fixLJ: a fixK-like gene in A. caulinodans (Kaminski & Elmerich, 1991) , and j x K (Anthamatten e t al., 1992) in B.japonicum. Each of these symbiotic bacteria are expected to be genetically more distanced from R. meliluti than the species used in this study. It is thus surprising that neither microaerobic nor symbiotic conditions were able to activate transcription from R. meliloti nzfAp andfixKp in most of the heterologous rhizobia. The simplest hypothesis would be that there are no functional homologous fixLJ in those strains. This is consistent with the fact that only weak homology has been found between thefixLJ region of R. meliloti and other Rhipbium species , and that no significant hybridization signals could be detected in R. leguminosarzlm bv. viciae (Colonna-Romano et al., 1990) . In R. leguminosarzlm bv. viciae, the f n r l v gene, homologous to R. melilotifixK, is capable of promoting microaerobic and symbiotic induction of fixlv independently of fixLJ (Colonna-Romano et al., 1990 (Kaminski & Elmerich, 1991) . This is consistent with the idea that the presence offixLJ alone in other Rhixobizlm species may not guarantee microaerobic or symbiotic activation of R. meliloti nzfAp.
As an exception among the rhizobia tested, it was surprising that R. ( 1 990) also found differences in FixL J-mediated regulation of n i f A a n d j x K genes, at least in E. coli. The nature and meaning of these differences remain unknown.
R. meliloti n z w p and fixAp in the heterologous rhizobia behaved very similarly to when they were in their homologous background, under nitrogen-limiting conditions. The fact that sequences upstream of the a5, recognition region are unnecessary for induction of pgalactosidase expression under nitrogen limitation in the three species tested, indicates that this activation is probably not specific. Activation of both promoters under nitrogen starvation was shown to be dependent on the general nitrogen regulatory protein NtrC in R. meliluti (Szeto et al., 1987) Deletion analysis of this promoter indicated that the UAS was not necessary for full heterologous activation in symbiotic rhizobia. Consistent with these results is the finding that the B.japoniczlmfixA promoter has no UAS of the TGT-Nlo-ACA type, yet its expression is also strongly dependent on the presence of NifA (Gubler & Hennecke, 1988 ; Gubler, 1989) . Surprisingly, although activation was UAS-independent, a sequence identified as a potential IHF binding site, seemed to be necessary for most R.
meldotifixA heterologous expression. IHF has the ability to bend DNA significantly (Friedman, 1988) . The model of IHF function in a5'-dependent promoters proposed for K. pnezlmoniae n z f l p (Hoover e t al., 1990) , corroborated for the promoters Ps of x3lS, Pzl of xylCAB (Holtel e t al., 1990 ;  de Lorenzo e t al., 1991) and glnHp (Claverie-Martin & Magasanik, 1991) , is that it helps to achieve both high efficiency and high fidelity in the control of transcription mediated by its particular activators, especially for weak promoters. According to this model, IHF binding could not stimulate transcription independent of the UAS. The behaviour offixAp could have two possible explanations. Firstly, other as yet uncharacterized sequences potentially essential for activation might have been removed in the deletions that also remove the IHF binding motif. considerably in theirfix regulation circuits but share many of the known regulatory elements (FixL, FixJ, FixK, NifA, nzf-promoters, etc) . There is specificity in the Rhixobizlm-legume interaction ; some Rhiqobizlm genes are adapted for nodulation of a specific plant (e.g. nod specificity genes, nodD-flavonoid specificity, exo genes ; see reviews of Long, 1989; and Martinez e t al., 1990) . It is likely that such parameters as nodule development and the physiological conditions specific to a particular plant, vary in other plants. Because of that, each specific Rhixobizlm has probably optimized nitrogen fixation during the course of evolution, adapting its regulatory mechanisms to fit the host plant conditions, resulting in diversification of Rhixobizlm symbiotic fix regulation circuits.
